Ischemia increases neutrophil retention and worsens acute renal failure: Role of oxygen metabolites and ICAM 1  by Linas, Stuart L. et al.
Kidney International, Vol. 48 (1995), pp. 1584 —1591
Ischemia increases neutrophil retention and worsens acute renal
failure: Role of oxygen metabolites and ICAM 1
STUART L. LINA5, DENNIS WHITTENBURG, POLLY E. PARSONS, and JOHN E. REPIr
Denver General Hospital and the UniversiLy of Colorado Health Sciences Center, Denver, Colorado, USA
Ischemia increases neutrophil retention and worsens acute renal
failure: Role of oxygen metabolites and ICAM 1. The role of neutrophils
in acute renal failure (ARF) is controversial. Although ARF occurs in
neutropenic subjects, we found that ischemic kidneys activated neutrophils
to cause ARF in isolated perfused rat kidneys. To further define the
interaction between neutrophils and renal ischemia, we performed quan-
titative assessment of neutrophil accumulation during renal ischemia.
Non-ischemic and ischemic rat kidneys were perfused by the isolated
kidney technique with unstimulated, primed, or fully activated, indium-
labeled neutrophils. Neutrophil accumulation was quantitated by measur-
ing indium retention after 60 minutes of perfusion. In non-ischemic
kidneys, only activated neutrophils were retained while after 20 minutes of
renal ischemia, unstimulated as well as primed neutrophils were retained.
Following 10 minutes of ischemia, primed neutrophils (but not unstimu-
lated neutrophils) were retained. In the presence of neutrophil retention,
there were decreases in GFR and tubular sodium reabsorption. To
determine the role of ICAM 1 in ischemic injury, rats were treated with
anti-ICAM 1 prior to ischemia and ischemic kidneys were reperfused with
unstimulated neutrophils and anti-ICAM 1. After ischemia, the neutrophil
component of reperfusion injury in isolated kidneys was prevented with
anti-ICAM 1. Oxygen metabolites have been shown to induce EC
expression of ICAM 1. To determine the role of ICAM 1 in oxidant-
mediated renal injury, ischemic isolated kidneys were reperfused with
catalase (CAT) and non-ischemic kidneys were perfused with hydrogen
peroxide. Following ischemia, reperfusion with CAT prevented neutrophil
retention and injury. In non-ischemic kidneys, hydrogen peroxide caused
primed neutrophil retention, activation and renal injury which were
completely prevented with anti-ICAM 1. In conclusion: (1) Ischemic
kidneys cause neutrophil retention, activation, and worsening of renal
injury in isolated kidneys; and 2) neutrophil retention is dependent on the
state of neutrophil activation, duration of renal ischemia and is mediated
by oxygen metabolites and ICAM 1. This synergism could account for the
high frequency of ARF in conditions such as sepsis where there is both
renal hypoperfusion and neutrophil priming.
For unknown reasons, gram negative sepsis is frequently asso-
ciated with multiple organ failure including acute renal failure. A
number of factors may contribute to renal failure including
ischemia, nephrotoxic drugs, endotoxin, cytokines, and circulating
neutrophils [1, 2j. The contribution of neutrophils to acute renal
failure is controversial. Paller found that neutrophil depletion did
not alter the course of ischemia/reperfusion-induced acute renal
failure in rats [3]. Moreover, neutropenic patients can develop
acute renal failure. Nonetheless, considerable evidence suggests
that neutrophils damage ischemic kidneys. We found that neutro-
phils worsened ischemia/reperfusion-induced acute renal failure
in isolated perfused kidneys [4]. Specifically, injury to moderately,
but not mildly ischemic isolated kidneys, was worsened by addition
of unstimulated neutrophils while injury to mildly and moderately
ischemic kidneys was worsened by primed neutrophils. This
suggests that ischemic kidneys can activate and be injured by
neutrophils.
One of the difficulties in determining whether neutrophils
initiate acute renal failure has been that increases in neutrophils
have only infrequently been reported in kidneys from experimen-
tal models of acute renal failure [5]. However, morphologic
studies often underestimate the number of neutrophils in tissue
specimens. For example, pulmonary leukostasis is manifest in
acute lung injury, but is difficult to quantitate by morphologic or
morphometric analysis [6]. Using measurements of neutrophil
enzymes or indium-labeled neutrophils, the presence of neutro-
phils has been demonstrated in injured tissues [7] including
reperfused ischemic rat kidneys [8].
In addition, the mechanism by which ischemia/reperfusion
causes neutrophil retention and/or activation is not known. Before
neutrophil activation, neutrophils must adhere to endothelial
cells. Neutrophil/endothelial cell interaction is mediated by adhe-
sion molecules on both endothelial cells and neutrophils [9, 10].
Adhesion molecules present on endothelial cells include immu-
noglobulin-like molecules such as intracellular adhesion molecule
(ICAM 1) and selectins including P-selectin and E-selectin.
ICAM 1 and selectins are of special interest because ICAM 1 and
P-selectin are constitutively expressed on endothelial cells and
up-regulated by hydrogen peroxide [11, 12].
The purpose of our study was to determine if neutrophils
accumulate in conditions associated with neutrophil worsening of
acute renal failure. An additional goal was to determine whether
oxygen metabolites and ICAM 1 contribute to neutrophil wors-
ening of ischemic injury. To achieve these objectives, we used the
isolated perfused rat kidney. With this technique, graded degrees
of renal ischemia could be created and the interaction between
renal ischemia and neutrophil activation could be studied in the
absence of hemodynamic or circulating factors.
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Methods
Sources of reagents
The following reagents were used in this study: albumin (frac-
tion V-Cohn bovine, Intergen Co., Purchase, NY, USA); hydroxyl
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[14C] methyl inulin (Amersham, Arlington Heights, IL, USA);
phorbol myristate acetate (PMA), hydrogen peroxide, and cata-
lase (CAT) (bovine liver, 2,000 U/mg protein; elastase Type IV
Pancreatic, 120 U/mg protein; Sigma Chemical, St. Louis, MO,
USA); lipopolysaccharide (LPS, #201 E, coli 0111: B4, List Biolog-
ical Laboratory, Inc., Campbell, CA, USA).
Perfusion of isolated rat kidneys
Perfusion of the isolated rat kidney was conducted as previously
described in our laboratory [13]. Briefly, after the right renal
artery was cannulated, the kidney was transferred to a perfusion
chamber and perfused using a pulsatile pump at a constant mean
arterial pressure (distal to the tip of the cannula) of 100 mm Hg.
Following a 15-minute equilibration period, three urine collec-
tions and perfusion samples were obtained at 15 minute intervals.
Perfusion samples were placed in a test tube for subsequent
determinations of sodium and [14CJ inulin. Each perfusion lasted
for 60 minutes. Urine and perfusate samples were stored at —20°C
within 60 minutes of collection. For each perfusion, 150 ml of a
Krebs-Ringer bicarbonate solution was used that contained urea,
(hydroxyl ['4C] methyl) inulin, and albumin. The final composi-
tion of the perfusion medium (in m unless otherwise noted) was
140 Na, 5.0 K, 1.2 ionized Ca, 1 Mg, 105 Cl, 25 bicarbonate, 1
sulfate, 1 phosphate, 7 urea, 70 mg/ml albumin, 5 glucose, and 1
ml/100 ml perfusate of Aminosyn 8.5% (Abbott Laboratories,
North Chicago, IL, USA).
Measurement of renal injury
Measurements of glomerular filtration rate (GFR), tubular
sodium reabsorption (TNa), and perfusion flow rate (PFR) were
used to assess renal injury. Urinary clearances of ['4C] inulin and
sodium were calculated from their respective urine and plasma
concentration ratios. Sodium was measured with an IL 343
flamephotometer (Instrumentation Laboratory, Lexington, MA,
USA). Radioactivity of [14C] inulin was counted in a Packard
Tricarb model 460 liquid scintillation counter (Packard Instru-
ments, Laguna Hills, CA, USA).
Preparation of neutrophils
Neutrophils were purified from human blood anticoagulated
with sodium citrate (0.38%). Cells were separated by sedimenta-
tion and centrifugation and then were resuspended in platelet-
poor plasma, diluted 1:4 with 6% dextran (Pharmacia Fine
Chemicals, Piscataway, NJ, USA) in saline. Erythrocytes were
separated from leukocytes by sedimentation. Leukocyte-rich su-
pernatant was aspirated, underlaid with Ficoll-Hypaque (Pharma-
cia Fine Chemicals), and centrifuged at 275 g to separate mono-
cytes and neutrophils. Sedimented neutrophils were resuspended
in Hank's buffered salt solution (HBSS) before injection into
perfusates. Final preparations contained 94 to 96% neutrophils
and 4 to 6% monocytes.
Measurement of superoxide anion from neutrophils
Superoxide anion release by neutrophils was measured by a
modified spectrophotometric method that measures superoxide
dismutase inhibitable superoxide-dependent horse heart ferricy-
tochrome C reduction as has been previously described [4].
Indium labeling
The technique for labeling neutrophils with indium has been
described [7]. Briefly, cells were washed twice with assay buffer.
Indiumtropolonate (1111n) (72 mCi/mi, New England Nuclear,
Boston, MA, USA) at 10 Ci/ml was first incubated with 4 X iO
M tropolone (Sigma Chemical Co.) in assay buffer for one minute,
and this solution was then added to the cells to achieve a final
concentration of 4 X iO M tropolone and 1 Ci of 1111n per i05
cells. Neutrophils were incubated for 15 minutes at 25°C, washed
three times with assay buffer, and used immediately. The cells
incorporated 10% of the added label to give an average of
177,000 cpm/105 cells.
Quantification of neutrophil retention
After each study, kidneys were flushed with 50 cc of oxygenated,
neutrophil-free perfusion solution. Then kidneys were bisected
and 1111n radioactivity was determined in a Packard gamma
counter. Neutrophil retention was defined as percentage of 1111n
retained in isolated kidney/1111n added to the perfusate at the
beginning of each study.
Our investigations consisted of five experimental protocols.
Protocol 1. Protocol 1 was designed to determine neutrophil
retention and renal function following the addition of unstimu-
lated, primed (treated with low concentrations of PMA 0.1 ng/ml),
and activated (treated with high concentrations of PMA 1 ng/ml)
neutrophils to non-ischemic isolated perfused kidneys. Isolated
kidneys were perfused with neutrophils (3 X i0 cells/mi) with no
additions (N = 6), PMA (0.1 ng/ml, N = 5), or PMA (1 ng/mI,
N = 5). Neutrophils and PMA were added to the perfusate at the
time of perfusion. In the absence of neutrophil addition, these
concentrations of PMA had no effect on isolated kidney function
(perfusion flow rate, GFR, TNa).
Protocol 2. Protocol 2 was designed to determine the effect of
moderate renal ischemia on neutrophils retention and isolated
kidney function. For these studies, kidneys were made ischemic in
situ by placing a non-traumatic clip on the renal artery for 20
minutes. Following ischemia, kidneys were reperfused by the
isolated kidney technique with no additions (N = 5), addition of
unstimulated neutrophils (3 X iO cells/mi, N = 7), or addition of
neutrophils and low concentrations of PMA (0.1 ng/ml, N = 7).
Neutrophils and PMA were added to the perfusate at the time of
reperfusion.
Protocol 3. This protocol was designed to determine the effect
of mild renal ischemia on neutrophils retention and isolated
kidney function. Kidneys were made ischemic for 10 minutes in
situ and reperfused by the isolated kidney technique. Unstimu-
lated neutrophils (3 x i0 cells/mi, N = 8), or neutrophils and
low-dose PMA (0.1 ng/ml, N = 6), or high-dose PMA (1.0 ng/ml,
N = 6) were added to the perfusate at the time of reperfusion.
Protocol 4. Protocol 4 was designed to determine the role of
hydrogen peroxide on neutrophil retention and function of iso-
lated kidneys. Hydrogen peroxide (0.1 mM) was added to the
perfusate of non-ischemic kidneys. Kidneys were then perfused
with unstimulated neutrophils (N = 6), or neutrophils and low-dose
PMA (0.1 ng/ml, N = 6), or high-dose PMA (1.0 ng/mi, N = 6).
In other studies, kidneys were made ischemic in situ for 20
minutes and were reperfused by the isolated kidney technique
with unstimulated neutrophils (3 x i05 cells/mi, N = 5) or
neutrophils and catalase (200 U/ml, N = 6). In additional studies,
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Table 1. Effect of low (0.1 ng/ml) and higher (1.0 nglml) dose of PMA
on neutrophil 02 generation in vitro
TeSt conditions
Cytochrome C reduction
p.M reduced 30 mm
PMN
PMN + PMA (0.1 ng/ml)
2.6 0.7 (5)C
3.4 0.6 (s)b
PMN + PMA (1.0 ng/ml) 30.1 1.8 (5)C
a Each value is the mean SE of the number of determinations shown
in parentheses
b Value not significantly (P> 0.05) different from value obtained with
PMN alone
C Value significantly increased (P < 0.05) from value obtained with
PMN alone or PMN + PMA (0.1 ng/ml)
isolated kidneys were perfused with elastase (5.6 UIml, N = 5) or
elastase and primed neutrophils (PMA 0.1 ng/ml, N = 5).
Protocol 5. This protocol was designed to determine the role of
ICAM 1 in renal ischemia/reperfusion injury. Kidneys were made
ischemic for 20 minutes in situ and reperfused by the isolated
kidney technique with unstimulated neutrophils. In addition,
some rats were treated with anti-ICAM 1 antibody (IgG 1A29,
provided by DC Anderson, Upjohn Laboratories, Kalamazoo, MI,
USA) 200 j.g i.p., one hour before ischemia and anti-ICAM 1
antibody (200 g/10o ml) was included in the perfusate. Control
animals received non-immune serum. In other studies nori-isch-
emic isolated kidneys were perfused with hydrogen peroxide (0.1
mM), neutrophils and low concentration (0.1 ng/ml) PMA. Ani-
mals were treated with anti-ICAM 1 antibody or non-immune
serum and the antibody or serum was included in the perfusate.
Finally, non-ischemic kidneys were perfused as in Protocol 1 with
neutrophils and high concentration (1 nglml) PMA. Animals were
treated with anti-ICAM 1 antibody or non-immune serum and
antibody or serum was included in the perfusate.
Data presentation and statistical analyses
Retention and functional data (GFR, TNa) are presented for
the last 15 minutes of perfusion, that is, after 45 to 60 minutes.
Statistical analyses were performed using unpaired Student's t-test
or one-way analysis of variance with a priori contrasts for com-
parison of multiple means. A P value of < 0.05 was considered
significant. Data are expressed as means SEM.
Results
Table 1 demonstrates concentration-dependent effects of PMA
on 02 release from neutrophils. Unstimulated neutrophils re-
leased small amounts of 02. Exposure to low concentrations of
PMA (0.1 ng/ml) did not result in increases in 02 while exposure
to high concentrations of PMA (1 ng/ml) resulted in marked
increases in 02 release.
Table 2 demonstrates the effect of perfusing non-ischemic
kidneys with neutrophils. When kidneys were perfused with
unstimulated neutrophils, less than 8% of added neutrophils were
retained. As we have previously reported [4], GFR and TNa were
similar to values obtained in isolated perfused kidneys without
neutrophils. Similarly, when kidneys were perfused with neutro-
phils and low-dose PMA, there was no increase in neutrophil
retention or decrease in GFR or TNa. In contrast, when kidneys
were perfused with neutrophils and high concentrations of PMA,
neutrophil retention was increased and was associated with de-
creases in GFR and TNa.
Table 2. Effect of addition of unstimulated, primed, or activated
neutrophils (PMN) on neutrophil retention and kidney function in
non-ischemic isolated perfused kidneys
.
Neutrophil
retention
%
Renal function
GFR
pilminig
TNa
%
Unstimulated PMN 7.7 0.8 648 25 95.4 0.4
(6)
Primed PMN 5.6 0.7 619 17 95.7 0.9
(6)
Activated PMN 29.0 3.8a 221 33C 61.6 6.4a
(5)
a P < 0.01 vs. resting or primed neutrophils
Table 3. Effect of no additions or addition of unstimulated or primed
neutrophils (PMN) on neutrophil retention and kidney function
following 20 minutes ischemia in vivo and reperfusion by the
isolated kidney technique
Neutrophil
retention
Renal function
GFR TNa
% p.1/minig %
No PMN NA 201 25 86.8 1.8
(5)
Unstimulated PMN 14.5 1.6 119 13" 63.4 44b
(7)
Primed PMN 36.2 47C 56.1 8 42.9 6.6a
(5)
NA is not applicable.
a p < 0.01 versus unstimulated PMN or no additions
b P < 0.01 versus primed PMN or no additions
The effect of renal ischemia on neutrophil retention is shown in
Table 3 and Figure 1. The results in Table 3 are from kidneys
rendered ischemic for 20 minutes before reperfusion using the
isolated kidney technique ("moderate ischemia"). In previous
studies, we found that this duration of renal ischemia decreased
GFR and TNa after 60 minutes of reperfusion in the absence of
neutrophils [14]. When these ischemic kidneys were reperfused
with unstimulated neutrophils, there was marked neutrophil
retention in association with worsening of GFR and TNa. More-
over, when ischemic kidneys were reperfused with neutrophils and
PMA, neutrophil retention increased and GFR and TNa wors-
ened.
The interaction between neutrophils and 10 minutes of renal
ischemia is shown in Figure 1. Previously, we demonstrated that
10 minutes of renal ischemia was associated with full recovery of
GFR and TNa following 60 minutes of reperfusion in the absence
of neutrophils ("mild ischemia") [14]. Figure 1 demonstrates that,
in contrast to results obtained after 20 minutes of renal ischemia
(Table 3), unstimulated neutrophils were not retained and did not
alter functional recovery of mildly ischemic kidneys. However,
low-dose PMA-treated neutrophils (primed) were retained in
mildly ischemic kidneys and neutrophil retention was associated
with decreased GFR and TNa after reperfusion. Furthermore,
high-dose PMA-treated neutrophils (activated) were retained and
worsened functional recovery of GFR and TN,,. Neutrophil reten-
tion and functional abnormalities in kidneys perfused with acti-
vated neutrophils had more neutrophil retention and functional
abnormalities than kidneys perfused with primed neutrophils.
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Fig. 1. Effect of addition of unstimulated (U, N = 8), primed (P; N = 6), or activated (A; N = 6) neutrophils (PMN) on neutrophil retention and kidney
function following 10 minutes ischemia in vivo and reperfusion by the isolated kidney technique. *p < 0.01 versus unstimulated; < 0.01 versus primed.
Fig. 2. Effect of addition of unstimulated (U; N = 7),primed (P; N = 6), or activated (A; N = 4) neutrophils (PMN) on neutrophil retention and kidney
function in kidneys perfused with hydrogen peroxide (0.1 mM). *p < 0.01 versus unstimulated; **p < 0.01 versus primed.
Since we previously found that oxygen metabolites were formed
during reperfusion of ischemic kidneys, [151 and since oxygen
metabolites increase expression of endothelial cell adhesion pro-
teins such as P-selectin or ICAM 1 [11, 12], we questioned
whether oxygen metabolites could induce neutrophil retention in
isolated perfused kidneys. In preliminary studies, we identified
concentrations of hydrogen peroxide (0.1 mM) which did not
decrease GFR or TNa after 60 minutes of perfusion of non-
ischemic kidneys. Figure 2 shows that perfusion with unstimulated
neutrophils was not associated with increased neutrophil reten-
tion or decreased GFR or TNa in kidneys subjected to hydrogen
peroxide. In contrast, when hydrogen peroxide-treated isolated
perfused kidneys were then perfused with low concentrations of
PMA and neutrophils, neutrophil retention increased and GFR
and TNa decreased compared to control kidneys. Moreover,
perfusion with fully activated neutrophils was associated with
further increases in neutrophil retention and decreases in GFR
and TN.
To further address the role of hydrogen peroxide formed during
reperfusion on neutrophil retention, kidneys made ischemic for 20
Table 4. Effect of addition of unstimulated neutrophils (PMN) with or
without catalase (CAT) on neutrophil retention and kidney function
following 20 minutes of ischemia in vivo and reperfusion by the
isolated kidney technique
Neutrophil
retention
%
Renal f
GFR
pi/minlg
unction
TNa
%
Unstimulated PMN (5) 15.3 2.1 135 16 58 2.9
Unstimulated PMN + CAT (6) 6.4 1.1 221 22 76 2.4
P <0.01 <0.02 <0.01
minutes were reperfused with catalase and unstimulated neutro-
phils (Table 4). In contrast to reperfusion with unstimulated
neutrophils alone, addition of catalase prevented neutrophil
retention and neutrophil-induced decreases in GFR and TNa.
To determine if neutrophil retention occurred in response to
non-oxidant forms of renal injury, we perfused isolated kidneys
with elastase. As shown in Table 5, treatment with elastase (in the
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absence of neutrophils) decreased GFR and TNa However, in
contrast to perfusion with hydrogen peroxide, there were no
increases in neutrophil retention or worsening of renal function in
elastase-treated kidneys perfused with low-dose PMA-treated
neutrophils. These results suggest that hydrogen peroxide-medi-
ated neutrophil retention was mediated by oxidant rather than
elastase or renal injury per se.
To determine the role of ICAM 1 in reperfusion injury, rats
were treated with anti-ICAM 1 antibody and ischemic kidneys
were reperfused with anti-ICAM 1 antibody. Figure 3 demon-
strates that renal injury was less in ischemic kidneys reperfused
with anti-ICAM 1 antibody. In addition, treatment with anti-
ICAM 1 reduced neutrophil retention from 16.3 (N = 5)
to 5.9 1.3% (N = 4;P < 0.01). To determine whether hydrogen
peroxide induced neutrophil interactions were mediated by
ICAM-1, hydrogen peroxide-treated kidneys were perfused with
primed neutrophils and anti-ICAM 1 antibody. Figure 4 demon-
strates that anti-ICAM 1 antibody prevented hydrogen peroxide!
primed neutrophil induced renal injury. To determine whether
the isolated kidney preparation resulted in functional ICAM 1
expression, non-ischemic kidneys were perfused with fully acti-
vated neutrophils and anti-ICAM dl. In these studies anti-ICAM
1 did not reverse renal functional abnormalities (N = 4) GFR 246
18 .d!min/g; TNa 58.2 5.9% or neutrophil retention 33.2
2.9%.
Discussion
Our major findings are: (1) ischemia in vivq followed by
reperfusion in isolated perfused kidneys resulted in neutrophil
retention; (2) retained neutrophils worsen isolated kidney func-
tion; and (3) neutrophil retention was dependent on ICAM 1 and
oxygen metabolites. Neutrophil retention was increased as a
function of increased ischemia and as a function of neutrophil
stimulation by increasing doses of PMA, In non-ischemic isolated
kidneys, fully activated neutrophils, but not primed or unstimu-
lated neutrophils, were retained. Unstimulated as well as primed
neutrophils were retained in moderately ischemic kidneys while
primed, but not unstimulated neutrophils, were retained in mildly
ischemic kidneys. Furthermore, neutrophil retention was depen-
dent on oxidants and ICAM 1 rather than by renal injury per Se.
These results extend our earlier study on the role of neutrophils
in renal ischemia/reperfusion injury. Initially, we found that
neutrophils worsened GFR and TNa of isolated perfused kidneys
[4]. The contribution of neutrophils to renal injury was dependent
on the duration of renal ischemia and the state of neutrophil
activation [14]. Neutrophils exist in unstimulated, primed, or
activated states. Unstimulated neutrophils do not release media-
tors such as oxygen radicals or proteases, while fully-activated
neutrophils release mediators. A number of factors activate
neutrophils including bacterial wall peptides, endotoxin, phorbol
esters complement, and cytokines. Primed neutrophils are neu-
trophils which are raised to heightened states of responsiveness by
one agonist so that concentrations of a second stimulus which
would not cause mediator release fully activate neutrophils [16,
17]. Neutrophils circulate as either unstimulated or primed. In
prior studies, we reported that unstimulated neutrophils did not
injure non-ischemic or mildly ischemic (10 mm) kidneys [14]. In
contrast, while primed neutrophils did not injure non-ischemic
kidneys, mild renal ischemia activated primed neutrophils to
further worsen renal injury [14]. A number of questions were
Table 5. Effect of no additions or addition of primed neutrophils
(PMN) on neutrophil retention and kidney function in kidneys
perfused with elastase (56 g/ml)
Neutrophil
retention
Renal function
GFR TNa
% pi/minig %
Elastase (5) NA 356 27 62.6 4.2
Elastase + primed PMN (5) 5.5 0.8 418 18 56.1 3.8
P NS NS
raised by our earlier studies, including: (1) Were neutrophils
retained in kidneys in which neutrophils worsened ischemic
injury? (2) What were the cellular processes which contributed to
ischemia-mediated neutrophil activation and retention?
Our results demonstrate that neutrophils were retained in
isolated kidneys in which neutrophils worsened ischemic injury.
Although neutrophil retention was difficult to quantitate by light
microscopy (data not shown), neutrophil increases were easily
shown by labeling neutrophils with indium. Indium-labeled neu-
trophils have been used in other tissues to replace morphometric
analysis to quantitate neutrophil influx. For example, neutrophil
retention is better demonstrated by indium techniques compared
to histology in acute lung injury [7]. We considered the alternative
possibility that increases in indium retention did not reflect
neutrophils retention, but resulted from indium leak from neu-
trophils as a consequence of decreases in GFR. This did not
appear likely since indium retention did not occur in non-filtering
isolated perfused kidneys (data not shown).
The mechanism of neutrophil retention in ischemic kidneys
may be mediated by oxidants formed during reperfusion. Paller,
Hoidal and Ferris [18] suggested that reactive oxygen metabolites
are formed during reperfusion of ischemia kidneys. Because of
the putative role for oxygen metabolites in renal ischemia/reper-
fusion injury, we perfused non-ischemic isolated kidneys with
hydrogen peroxide (Fig. 2). We found that hydrogen peroxide
caused retention and activation of primed, but not unstimulated
neutrophils. In addition, we reperfused 20-minute ischemic kid-
neys with neutrophils and catalase. Earlier, we reported that
addition of unstimulated neutrophils worsened GFR and TNa, and
that catalase did not improve ischemic injury in the absence of
neutrophils but abrogated the effects of unstimulated neutrophils
[4]. Table 4 indicates that catalase also prevented neutrophil
retention. Since neutrophil adherence to endothelial cells occurs
before neutrophil activation [19, 20], our data suggest that hydro-
gen peroxide produced during reperfusion contributes to neutro-
phil activation during renal ischemia.
Neutrophil retention is a complex process dependent on cell
adhesion molecules on the surface of neutrophils and endothelial
cells [9, 10]. These include selectins, integrins, and immunoglob-
ulin-like molecules. Many chemoattractants (C5A, bacterial wall
peptides) and cytokines (tumor necrosis factor, TNF) increase the
avidity and number of constitutively expressed neutrophil adhe-
sion molecules, such as CD11/CD18 integrins and L-selectin.
Recently Rabb et al reported an important role for CD111CD18
adhesion molecules in ischemic renal injury [21]. Treatment with
monoclonal antibodies to CD11 A&B decreased functional and
pathological injury score in ischemic kidneys. Activated endothe-
hal cells also express adhesion molecules that can bind unstimu-
lated neutrophils. For example, exposure of endothelial cells for
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Fig. 4. Effect of addition of anti-ICAM 1 on
hydrogen peroxide/neutrophil mediated renal
injuly. Non-ischemic kidneys were perfused with
hydrogen peroxide (0.1 mM) and primed
neutrophils in the presence (N = 4) or absence(N = 5) of anti-ICAM 1. *p < 0.05 versus
H202; **p < 0.05 versus H202/PMN. #P <
0.01 versus H202/PMN.
several hours to TNF or IL-i cause neutrophil adhesion by
increasing expression of E-selectin, a process which is dependent
on new protein synthesis [22]. Of interest, Patel et al have shown
that sub-millimolar concentrations of hydrogen peroxide induced
prolonged expression of P-selectin, but not E-selectin, in cultured
endothelial cells [11]. P-selectin expression occurred within one
hour of oxidant exposure, did not require new protein synthesis,
and was oxidant dependant. In addition, Lo et al have reported
that submillimolar concentrations of hydrogen peroxide cause
increases in ICAM 1 expression in endothelial cells [12]. More
recently, Kelly et al have shown that antibodies directed against
ICAM 1 protect kidneys against ischemic injury [23]. Our results
extend these observations in that the anti-ICAM 1 antibody
protected against the neutrophil component of reperfusion injury
(Fig. 3) as well as hydrogen peroxide-induced PMN injury (Fig. 4).
Since oxidants produced during reperfusion contribute to neutro-
phil retention and worsening of ischemic injury, the results
indicate that hydrogen peroxide effects are mediated through
ICAM 1.
We considered the possibility that neutrophil retention could be
caused by the isolated kidney preparation itself. This seems
unlikely, however, as neither unstimulated or primed neutrophils
were retained in non-ischemic isolated kidneys (Table 2). More-
over, while fully activated neutrophils were retained in non-
ischemic kidneys, neutrophil retention was not abrogated with
anti-ICAM.
Several caveats deserve consideration. First, we did not mea-
sure the appearance of kidney endothelial cell adhesion mole-
cules. Although hydrogen peroxide induces P-selectin [11] and
ICAM 1 [12] expression in human umbilical vein endothelial cells,
no studies have been performed in rat kidneys because significant
quantities of specific monoclonal antibodies are not readily avail-
able. Second, we used human neutrophils since unstimulated rat
neutrophils cannot be obtained in sufficient numbers to perform
these studies. The methods utilized to generate neutrophils in rats
result in neutrophil priming or activation. While it is not certain
that allogeneic neutrophils would have the same effect as human
neutrophils in our isolated kidney preparation, the in vivo studies
of Kelly et al [23] and Laight et a! [8] suggest that neutrophils
accumulate during ischemic renal injury. Thus, it seems likely that
rat and human neutrophils injure rat kidneys. Finally, whereas our
data support the hypothesis that oxidants contribute to post-
ischemic acute renal injury [181, others have found that reactive
oxygen metabolites have little role in acute renal failure [24].
An additional caveat is the time requirements (20 mm of
ischemia and 60 mm of reperfusion) of our observations. Since
ICAM 1 may not normally be expressed in kidney tissue, in-
creased expression may require transcriptional events which
would require a more prolonged stimulus. The time dependency
of cellular ICAM 1 expression is variable. While studies have not
reported increases in ICAM 1 expression after 30 to 90 minutes of
hypoxia or ischemia, [25, 26] increases in ICAM 1 in RNA have
400 Anti-ICAM1 *100
80
2j- 60
40
0
2I-
600
Fig. 3. Effect of addition of anti-ICAM 1 on
neutrophil-mediated injuly to ischemic kidneys.
Ischemic kidneys (20 mm) were reperfused with
neutrophils after pretreatment with anti-ICAM
1 antibody and in the presence of anti-ICAM 1
antibody (N = 4) in the perfusate. Control
animals (N = 5) were treated with non-immune
serum. *P < 0.01 versus control.
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been reported after 30 to 60 minutes exposure to H202 [12].
Moreover, after 30 minutes of anoxia or 30 minutes exposure to
H202 or 15 minutes exposure to xanthine oxidase, anti-ICAM 1
antibody has been shown to prevent neutrophil adhesion to
cultured endothelial cells [12, 25, 27]. In addition, anti-ICAM 1
antibody ameliorated 10 minutes ischemia—30 minutes reperfu-
sion induced increases in neutrophil adhesion to mesenteric
venules [28]. Finally, Kelly, et a! have reported increased ICAM 1
expression after 30 minutes ischemia, 60 minutes reperfusion as
well as protection with anti-ICAM 1 antibody [23]. Although
identification of ICAM 1 expression may be variable, taken
together, there results indicate that ICAM 1 can mediate cellular
events which occur very early (< 1 hr) after ischemia. Finally,
although our studies suggest that ICAM 1 mediates neutrophil
retention after ischemia, we have not excluded participation of
other endothelial adhesion molecules such as P-selectin. Recently,
P-selectin has been shown to mediate neutrophil retention follow-
ing reperfusion of ischemic tissue [29, 30].
Although our studies suggest a role for neutrophils in ischemic
renal failure in vivo in isolated kidneys, the contribution of
neutrophils to acute renal failure remains unresolved. For exam-
ple, Paller [31 and Thornton et al [31] have shown that neutrophil
depletion does not alter the course of ischemic acute renal failure
in rats. In contrast, we have reported this in isolated kidneys, that
neutrophils contribute to acute renal failure, and Hellberg, Black
and Wertheim [32] have demonstrated neutrophil retention in the
outer cortex and glomeruli of ischemic kidneys. The differences in
the results of these studies are not easily resolvable. Studies that
have failed to identify a role for neutrophils in acute renal failure
have utilized neutrophil-depleted animals [3, 31]. Our findings
suggest that the contribution of neutrophils to ischemic injury
depends on the duration of renal ischemia and the state of
neutrophil activation. Some [3, 31] but not all [32] studies have
shown that severe renal ischemia causes acute renal failure
independently of the presence of neutrophils or of events occur-
ring during reperfusion, such as neutrophil attack on kidneys.
Under these conditions, neutrophil depletion is less likely to
contribute to worsening acute renal failure. In contrast, moderate
renal ischemia (such as 20 mm) would be expected to be influ-
enced by neutrophil depletion. Under these conditions, depletion
of unstimulated neutrophils might be beneficial since ischemic
kidneys are able to cause neutrophil retention and worsening of
functional injury.
The results of our study may be relevant to the pathogenesis of
acute renal failure in gram negative sepsis. Multiple factors con-
tribute to renal failure including hemodynamic insults and neph-
rotoxic drugs. In addition, endotoxin and cytokines have been
postulated to be of importance, but neither endotoxin or cytokines
have recognizable direct effects on glomerular filtration [33, 34].
In contrast, endotoxin and many cytokines prime neutrophils [35]
and activate the endothelium [10]. The interaction between
ischemic kidneys and primed neutrophils may account for the high
incidence of renal failure in sepsis.
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